We have fabricated flexible electronic devices to test the strain-based change in resistance of a network of single-walled carbon nanotubes (SWCNTs) for use in microscale, high resolution magnetometry. To do this, we first develop a simple, reliable method to obtain catalyst nanoparticles for carbon nanotube growth through indirect, thin-film evaporation. Next we fabricate a two-terminal SWCNT device on a rigid substrate. We then transfer the device, intact, to a flexible substrate for strain testing. Herein, we report progress in growth and measurement techniques.
INTRODUCTION
Single-walled carbon nanotubes (SWCNTs) have been the subject of intensive research efforts in recent years, owing to their remarkable electronic and mechanical properties. It is not surprising, perhaps, that SWCNTs display a large strain-induced response in electronic resistance, suggesting their application in strain sensing devices [1] [2] [3] [4] [5] [6] . Our approach to developing SWCNTs into a modular, conformal strain sensor is to employ parylene as a flexible substrate. Toward this goal, we have achieved dense growth of a network of SWCNTs, established electrical contact to the network, and finally, demonstrated transfer of an intact SWCNT device to a flexible parylene substrate. Preliminary strain measurements have been performed, and the results are discussed below.
EXPERIMENT Thin film catalyst and Growth
A catalyst-assisted chemical vapor deposition process is used to grow SWCNTs on a silicon substrate, capped with 500 nm-thick oxide. Iron nitrate catalyzed single walled carbon nanotube growth is well documented in the literature [7] [8] , and more recently, SWCNT growth using vacuum-deposited thin film iron has also been reported [7] [8] [9] [10] . Both methods of catalyst deposition were explored in this work, and superior results have been achieved with a simple, reliable method for depositing thin film iron catalyst in high vacuum.
The iron catalyst was deposited using an indirect evaporation at approximately 10 -6 Torr in a high vacuum chamber [11] . Contrary to traditional thin film evaporations, the substrate was oriented facing away from the iron source. Iron was then evaporated at a rate of 0.5Ǻ/s to a (a) SiO 2 Fe Thin Film SWCNTs Parylene Gold Contacts Etching (KOH) Figure 2 : Schematic of growth, device fabrication and transfer process. Iron thin film is deposited to catalyze SWCNT growth. Electrical contacts are defined through shadow mask evaporation of 5 nm Cr/ 100 nm Au. The substrate is then conformally coated with parylene, and the rigid silicon is etched to transfer the intact SWCNT device to the parylene substrate. direct thickness of 20Ǻ according to the thickness monitor. This indirect evaporation yields discrete nanoparticles of iron on the silicon dioxide surface.
The substrate was then placed in a growth furnace and heated to 950°C for chemical vapor deposition (CVD) carbon nanotube growth. During growth, methane, ethylene, hydrogen and humid argon were flowed over the substrate for 5 minutes. See figure 2 for complete fabrication schematic. The resulting SWCNT network was then imaged in a scanning electron microscope (SEM), equipped with an in-lens detector, for qualitative analysis. Energy-dispersive x-ray spectroscopy (EDX) was used for elemental characterization, indicating the presence of carbon, iron, oxygen, and silicon.
Both types of catalyst, solution-cast iron nitrate and thin film iron, were explored in this work, and a comparison of growth results for each is shown in figure 1 . Part (a) shows SWCNT growth using iron nitrate catalyst, deposited from solution. A high density of agglomerated catalyst can be seen, with short SWCNTs growing from each discrete catalyst island. In contrast, figure 1(b) shows a transmission electron micrograph (TEM) image of a SWCNT network grown using thin film Fe catalyst. A high-density network of long, interconnected SWCNTs can be seen, with a low incidence of large catalyst islands. 
Device Evaporation
To fabricate two-terminal SWCNT network devices, we deposited a thin-film layer of chromium (5 nm), followed by a layer of gold (100nm) on top of the SWCNT network, using a shadow mask to define a series of highly redundant contacts (see figure 3) . The spacing between contacts, or the device length, is 50 microns. Electrical characterization of each device was preformed using a probe station. Two-terminal current-voltage data were obtained by applying a dc voltage (Sorensen XT15-4 power supply) and measuring current using a Stanford Research Systems SR570 low-noise current pre-amplifier. Data were acquired using LabView.
Device Transfer
Once the devices were characterized, the next step was to transfer them to a flexible substrate. Parylene-C (p-xylene) was chosen as the material for the flexible substrate because of its excellent chemical resistance and its ability to coat samples with high levels of uniformity and penetration. Other groups mention coating nanotubes with parylene-c for the purpose of nanotube protection, but have not attempted a transfer onto a parylene substrate [13] [14] . We placed the device to be coated inside a PDS 2010 Parylene coater and deposited 19 grams of parylene throughout the chamber, resulting in an actual coating thickness of 25 µ m. Using standard microfabrication techniques, release of the SWCNT-parylene system was accomplished by wet etching the silicon substrate. Since the parylene coating process results in a conformal encapsulation of the substrate, an oxygen etch was used to remove the back side of the parylene, exposing the back side of the oxidized silicon substrate. The oxide was then removed using a dry etch process to reveal the bulk silicon substrate. Finally, the silicon was removed using a wet etch process, and the pre-formed SWCNT devices remained intact, partially embedded in the remaining parylene. Figure 5 shows a SEM image of the nanotube network between two gold contacts after successful transfer. Testing of these devices after the transfer showed that the electrical integrity of the device is maintained. Figure 4 shows IV curves for one device before and after transfer. Preliminary strain tests indicate that the SWCNTs are able to withstand bending and/or stretching to investigate electromechanical properties of the structure.
Device Testing
To test the strain-based resistance change of the SWCNT network, we adapted our probe station so that we could simultaneously stretch the parylene device while measuring the resistance of the individual contacts. A micromanipulator (Signatone) was used to stretch the parylene-bound devices along the device length, and then used the two-point probe station to monitor the current-voltage characteristics of the device under study. In order to reduce contact effects, we mechanically attached opposing ends of the substrate onto a separate chip carrier (see fig 2) and wire bonded to the device. Tungsten probes were then contacted to the rigid chip carrier, using indium pellets to absorb any vibration. However, even with these precautions, the limiting factor on our measurement precision was the issue of contact resistance.
We measured the change in electrical resistance as a function of elongation for each successful SWCNT network device. Reversibility of the process is critical to demonstrating that any resistance change is due to strain, rather than contact effects. To address this issue, a sawtooth pattern in the stretching of the substrate was used. For each position measurement, we first applied an elongation to the sample of one-eighth (⅛) of a turn on the fine manipulator (4 µm) and measured the device. We then retracted the sample by ⅛ turn, measured the device, and finally elongated the sample by two more ⅛ turn steps (total 8 µm) measuring at the intermediate steps. 
DISCUSSION

Strain-resistance testing
Preliminary results of strain testing show indications of reversible, strain-based resistance increase (piezoresistance) in the SWCNT network. Figure 6 shows two-terminal resistance in a SWCNT network device as a function of micromanipulator position, relative to the starting position. We must emphasize that these results are preliminary, the error in the data is large, and no conclusive evidence is seen for a piezoresistive response in the device under study. However, we offer an interpretation of the data that is consistent with experimental observations.
In the data curves are shown in figure 6 the experiment begins on the left with no extension and ends on the right with the dashed curve ending at 24 microns. The solid segments represent the resistance elongation, and the dashed segments represent resistance after retraction. Where the curves overlap, the dashed lines cannot be seen. As shown in the first three points on the left of the graph, the device was initially stretched by two steps of 4µm and then relaxed in one step by 4µm to monitor for hysteresis, or evidence that the signal is due to mechanisms other than piezoresistance. We speculate that the device is in slack for the low stretch values, due to the scatter in the data and the hysteresis seen between 4 and 12 µ m stretch. We observe that all hysteretic events are characterized by a small resistance change of approximately 200 kΩ. Furthermore, the resistance appears to be oscillating between discrete values of ~400 and ~600 kΩ. These two levels of resistance may suggest that the conduction takes place along a single channel that is poorly contacted to the network.
Only two stretch points are significantly different from the others: 20 µ m and at 24 µ m. Most notably, these two large resistance increases are reversible and consistent with the large piezoresistance that we expect with an increase in strain. We speculate that the two increases actually represent a single piezoresistive signature, but that lack of precision in the micromanipulator may have produced a source of error in our stretch measurement. From these limited data, it is not possible to draw quantitative conclusions about the performance of our conformal strain sensor, and it is clear that more careful testing is required. Continuing efforts are underway to enable a more accurate measurement method.
CONCLUSION
We have demonstrated a method for transferring intact SWCNT electrical devices to a flexible parylene substrate. We have also demonstrated a simple, reliable method, through indirect thin-film evaporation, to obtain catalyst nanoparticles for carbon nanotube growth. The piezoresistive properties of our resultant flexible SWCNT devices have been investigated, though conclusive, quantitative strain-dependent resistance modulation has not been shown. Preliminary results indicate, however, that the parylene transfer method shown here is promising for developing a robust, modular strain sensor using a SWCNT network.
